In the last decade, fullerenes have been detected in a variety of astrophysical environments, with the majority being found in planetary nebulae. Laboratory experiments have provided us with insights into the conditions and pathways that can lead to fullerene formation, but it is not clear precisely what led to the formation of astrophysical fullerenes in planetary nebulae. We review some of the available evidence, and propose a mechanism where fullerene formation in planetary nebulae is the result of a two-step process where carbonaceous dust is first formed under unusual conditions; then, the fullerenes form when this dust is being destroyed.
Introduction
When Kroto et al. [1] conducted a series of experiments to simulate the chemistry occurring in the surroundings of carbon-rich evolved stars, they discovered a new and particularly stable carbonaceous molecule: Buckminsterfullerene, C 60 . We now know that C 60 is the most stable (and best known) member of an entire class of large, cage-like carbonaceous molecules. Given the stability of the molecule and the nature of the simulation experiments, Kroto et al. [1] immediately concluded that C 60 was most likely widespread and abundant in space, and as soon as spectroscopic data were available, astronomers searched for its telltale signature in interstellar and circumstellar environments see [2] .
We can now confirm that C 60 is indeed widespread and abundant in space. Since the first unambiguous detection of all IR active vibrational modes of C 60 in the Spitzer-IRS spectrum of the planetary nebula (PN) Tc 1 at 7.0, 8.5, 17.4, and 18.9 µm [3] , the same spectral features have been found in a variety of evolved star environments (see Section 3), as well as in Reflection Nebulae RNe; see e.g., [4, 5] , the diffuse ISM [6] , and young stellar objects and Herbig Ae/Be stars [7] . Recently, laboratory experiments and astronomical observations have confirmed the identification of two strong (and 3 weaker) diffuse interstellar bands DIBs; see [8] as due to electronic transitions of the C + 60 cation see e.g., [9] [10] [11] [12] , and references therein. It is estimated that, on average, C 60 locks up 10 −4 -10 −3 of the cosmic carbon [9, 13, 14] , a considerable abundance for a single species! While it is thus established that C 60 is abundantly present in interstellar and circumstellar environments, the life cycle of the C 60 molecule itself is not crystal clear. Here, we review what we know about the conditions that lead to the formation of fullerenes and how this can be reconciled with the body of available observational evidence to construct a coherent formation mechanism for fullerenes in evolved star environments.
The Conditions Required to form Fullerenes
Laboratory experiments (as well as theoretical calculations) on the condensation of carbonaceous gas have provided important information about the carbon chemistry that can occur in circumstellar environments. The key parameter that determines the outcome is the temperature (see Figure 1 for a schematic overview). At low temperatures, the condensation products are a variety of (small) molecules (e.g., C 2 H 2 , HCN...); any dust that condenses out will be primarily in the form of amorphous carbon [15] . Above ∼1000 K, the nature of the possible chemical reactions changes, and now benzene can form through a series of chemical reactions and from this species, a whole family of polycyclic aromatic hydrocarbon (PAH) molecules [16, 17] . These PAHs are then the condensation nuclei for the formation of soot; the soot is formed quickly, and is graphitic in nature [17] . Finally, similar experiments at much higher temperatures (above ∼3500 K) result in the formation of fullerene molecules in addition to a soot that is fullerenic in nature [17] . Thus, different temperatures result in distinctly different products: no fullerenes are formed at the PAH-favoured temperatures, and similarly no PAHs appear in the high temperature experiments. This is partly due to hydrogen atoms that inhibit the formation of fullerenes at the lower temperatures; when similar experiments are carried out in H-poor conditions, fullerenes do form at these lower temperatures [18] . Irradiation of these carbonaceous compounds by UV photons can then significantly change their nature. It has long been known that UV irradiation of amorphous carbon leads to aromatization in the compounds. More recently, theoretical calculations [13, 19] and laboratory experiments [20] have shown that large PAHs are first stripped of their H atoms by UV photons; the resulting pure graphene flake then curls up and shrinks by emission of C 2 units until it reaches the most stable configuration-C 60 . It is thus conceivable that a significant amount of carbonaceous dust can be transformed by these processes over their lifetime-from aliphatic to aromatic to fullerenic material.
Observations of Fullerenes in PNe
While the IR C 60 bands have been detected in various environments, the majority of detections originates from evolved stars (including post-AGB and pre-PN objects, but primarily in PNe in the Milky Way and the Magellanic Clouds; see e.g., [21] [22] [23] and references therein). All C 60 -PNe have very similar properties and IR spectra. Indeed, they are all fairly young, low-excitation objects, the IR spectra of which are characterized by a rising, featureless continuum on which several emission features are superposed: The C 60 bands, a strong 11-13 µm emission plateau (possibly due to SiC), a 6-9 µm emission plateau, and a strong 30 µm feature [22, 23] . Thus, the conditions that are conducive to the formation and excitation of C 60 also result in the appearance of other dust components. Notably, PAH emission in these objects is very weak or absent [23] . When comparing optical and near-IR colors of these objects to other evolved stars, the fullerene sources are the least reddened objects (i.e., the direct lines of sight to the central stars do not contain much dust that can cause reddening) and cluster together in near-IR color-color diagrams, while other evolved objects have a large range in colors [24] .
Spatial studies of the different emission components can give clues to the conditions and origin of the different components. Narrow-band images of Tc 1 clearly show different distributions of the ionized gas, the dust responsible for the continuum emission, and the fullerenes (see Figure 2) . They reveal that the fullerenes emit in a ring ∼ 5 away from the central star, at the interface between the ionized region and the surrounding Photo-Dissociation Region (PDR). There is no clear evidence for PAHs in this object, but if a very weak 11.3 µm bump is to be associated with PAHs, then those are all located in the top part of the central horse-shoe shaped region associated with the continuum dust emission. In that case, the PAHs and fullerenes would clearly be spatially separated, with the fullerenes at a location where the radiation field should be weaker than at the location of the PAHs. Finally, an important observational result is that the C 60 detection rate in PNe is fairly low: Only 3-5% of the Galactic PNe observed by Spitzer-IRS at high resolution exhibit the C 60 bands [23] ; the fraction of C 60 detections in the Magellanic Clouds is slightly higher [22] . These low rates imply that the C 60 molecules either form in a small fraction of objects (possibly related to requiring specific formation and/or excitation conditions), or alternatively that pure C 60 has only a short lifetime in these environments, possibly related to chemically altering the molecular structure that would significantly affect the spectroscopic signatures.
Discussion
The circumstellar environments of evolved stars represent what happened to an atomic gas (the stellar envelope) that cooled after ejection due to mass loss processes. When considering the formation of molecules and dust in these environments, we thus always start from bottom up processes. In most cases (for typical condensation temperatures), we would expect the end products in C-rich environments to be PAHs and graphitic dust. Only when the temperatures are high or the environment is H-poor would fullerenes and fullerenic dust result.
The most straightforward scenario for the formation of fullerenes is thus one where the C 60 -PNe represent objects where-for some reason-the condensation happens at higher temperatures or under H-poor conditions. This must have happened close to the central star (otherwise temperatures and densities would be too low), and consequently the condensation products moved outward since its formation-at least for Tc 1 where we see the C 60 emission far from the central star. Since the formation of C 60 also results in large amounts of fullerenic soot, while no dust is seen at the location of the C 60 emission, dust destruction must have occurred as well. This would then explain why the colors of the C 60 -PNe are so similar and appear unreddened. Perhaps the C 60 molecules are the only species to survive this process, but it is conceivable that the destruction of fullerenic dust actually results in the formation of C 60 molecules, e.g., by "liberating" C 60 molecules from the dust grains. This dust destruction process must then be related to the transition of a post-AGB object to a PN since we only see the C 60 bands in young PNe. Shock waves related to a fast wind overtaking a slow wind, or the development of an ionization front appear to be the most likely direct causes. The formation of C 60 in PNe would thus involve a two-step process: Condensation (in an earlier phase, likely the AGB) under unusual conditions to produce C 60 and fullerenic dust, followed by the destruction of the dust (that possibly creates more C 60 ). Such a scenario can explain why the C 60 -PNe have the observational properties they have.
There is of course a fundamentally different formation route for C 60 that we should also consider. Given that the central stars of PNe are hot stars that produce copious amounts of UV photons, photo-processing of carbonaceous materials seems like a plausible way to produce fullerenes, and indeed, it has been suggested that the formation of C 60 is the result of photo-processing of hydrogenated amorphous carbon (HAC) dust grains or similar carbon clusters or PAHs see e.g., [21, 25] . However, if this process can efficiently convert carbonaceous dust to fullerenes in the low-excitation C 60 -PNe, the same process should be even more efficient in the more mature objects where timescales for processing have been longer, and UV photons are more abundant. Similarly, much of the dust in Tc 1 would have been converted to fullerenes as well, since it is located five times closer to the source of UV photons than the fullerenes themselves. In other words, if photo-processing of HACs (or even PAHs) would be the general process for fullerene formation in young PNe, there should only be very few PNe left that have circumstellar PAHs or in fact any carbonaceous material at all other than fullerenes. The only remaining question is then why the dust condensation conditions were different in the C 60 -PNe, and this may be tied to the evolutionary history of the central stars. For about half of the C 60 -PNe, it has been established that their central stars are of [WC] type see e.g., [23] ; certainly for such objects, it is plausible that condensation could happen in H-poor environments that would be more suited to create fullerenes and fullerenic soot than other objects. It is not clear what the status of the other C 60 -PNe is in that sense, and we should also point out that not all PNe with [WC] stars display the fullerenes. Future observations that allow to measure e.g., the carbon abundance would be crucial to determine the underlying cause for the different condensation conditions. Acknowledgments: J.C. and E.P. acknowledge support from an NSERC DG.
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